Some general properties of the electromagnetic corrections to the P decay of a physical nucleon, that is, a nucleon in the presence of strong interactions, are discussed. The aim of the paper is to isolate and determine general properties which are independent of the details of the strong interactions and the assumptions about the existence of the intermediate boson. The method used consists essentially in separating out in a Rnite and gauge-invariant manner all the terms of order 1/k in the hadronic covariants, and then examining properties of the other contributions. Under some general and plausible mathematical assumptions, it is shown that all the terms of order e in the correction factor to the electron spectrum which explicitly depend on the electron energy E and the electron mass m can be rigorously computed, in spite of the complications of the strong interactions, provided that contributions of relative order nq/M, n (E/M)ln (. V/E), and no~/c are neglected. In particular, the electromagnetic correction of order e to the shape of the allowed electron spectrum is given by a single universal function g(E,E,m) of E, m, and the end-point energy E; this function is independent of the details of the strong interactions and the assumption that the weak interactions are mediated by an intermediate boson. It is furthermore independent of the ratio Mar/Mr, and is physically signihcant, particularly if applied to nuclear tt decays with E /m))1. These propositions do not preclude the existence of model-dependent terms which give contributions to the lifetime. No attempt is made here to evaluate these quantities, but their role on the physical observables is discussed. It is pointed out that, aside from the electron spectrum, there are other observables for which the corrections can be evaluated in a model-independent manner. This assertion is illustrated by giving the expression for the virtual radiative corrections of order o. to the longitudinal polarization of the electron in allowed transitions. The contribution of the universal function g(E,E,m) to the lifetime is brieQy discussed. This paper implicitly assumes the validity of the vector and axial-vector theory of weak interactions.
I. INTRODUCTION 'HE radiative corrections to the p decay of a nucleon have been discussed extensively in the past. ' 7 One reason why these corrections are of interest is their relevance to the problem of universality of the weak interactions. There are other practical reasons which, although not so well known, are also of experimental interest: for example, the corrections alter the shape of the allowed electron spectrum in p decay and these effects are significant when the end-point energy of the electron is large in comparison with the electron mass.
An interesting theoretical aspect of the corrections is that they are logarithmically divergent in the t/' -A theory when evaluated in the case of a bare nucleon, i.e. , a nucleon in the absence of strong interactions, while the corresponding quantities for muon decay are finite and well defined. In order to save the principle of universality of the weak interactions, which in the * Supported in part by the National Science Foundation. R. P. Feynman ' S. M. Berman, Phys. Rev. 112, 267 (1958) .
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usual formulation relates the bare weak-coupling constants of these processes, two main approaches have been suggested. One, proposed by Lee' and also investigated by other authors, assumes that the weak interactions are mediated by an intermediate boson.
We recall that one of the main results of these calculations is that the relative renorrnalization in ts and p decay, which is the physically observable quantity, turns out to be finite. The other approach, discussed by Feynman, ' by Herman and the present author, 4 and by @allen, 7 suggests that the strong interactions themselves may provide a natural cutoQ in the ultraviolet region. Recently, Bjorken, ' and Abers, Norton, and Dicus, " using current-algebra techniques have asserted in very interesting papers that that part of the electromagnetic corrections to the vector decay coupling constant which arises from the vector current contains a divergent part which is independent of the strong interactions and is therefore identical to the corresponding infinity in the calculations of Refs. 2 -4. Even if this assertion is correct, it does not give a complete answer to the problem of the relative renormalization to ts and p decay for two reasons: (a) In the first place, as these authors emphasize, there is a contribution from the axial current which may be also divergent and model-dependent, and (b) these calculations follow implicitly the usual assumption that the hadronic and e T. D. Lee, Phys. Rev. 128, 899 (1962) The investigation of these convergence properties is clearly a subject of great practical and conceptual interest. The corrections as a whole cannot be lightly dismissed as a subject of study because they are important in providing a detailed understanding of the experiments on the muon decay energy angle distribution" and some aspects of P decay. Without these corrections, for example, the very precise experiments available in p, decay would not coincide with the predictions of the V -A theory. One is then faced with the problem that the calculations are necessary in order to understand in detail some experiments while their eRect on the problem of universality is far from clear.
In the present paper, the problem of the convergence properties of the electromagnetic corrections in the ultraviolet region is not investigated and is to a large extent bypassed. We will take here the hopeful point of view that somehow the weak, electromagnetic, and strong interactions successfully conspire to give a finite value for the relative renormalization of the P and p decay coupling constants.
Rather, the aim of the present paper is to try to isolate and determine some general properties of the corrections which are independent of the details of the strong interactions and of the assumption that the weak interactions are mediated by an intermediate boson. "
We will show, under some general and plausible mathematical assumptions, the validity of the following proposition. "All the terms of order 0. in the correction factor to the electron spectrum" which explicitly depend on the electron energy E and the electron mass m can be rigorously computed in spite of the complications of the strong interactions, provided that contributions of relative order nq//M, cr(E/M) ln(M/E), and av&/c are neglected. " Moreover, such terms modify the Fermi ' This intrinsic space-time structure of the weak interactions need not be necessarily associated with intermediate bosons. We may consider more general structures such as discussed, for example, by T. D. Lee and C. N. Yang, Phys. Rev. 108, 1611 (1957) . 12 V. L. Telegdi, University Lectures on Physics, New York University, 1967 (unpublished) . 3 That there are properties of the electromagnetic corrections which can be determined independently of detailed assumptions about the strong interactions was already recognized on the basis of heuristic arguments in Ref. 4 (Sec. VI and Appendix) . In that paper this "universality property" was conjectured for the term 3(n/2s) 1n(ra"/E ) which plays an important role in the corrections to the lifetime. In the present paper we refine the theoretical arguments and extend the determination of such properties to physical observables.
' The spectrum can be expressed as the usual allowed spectrum multiplied by an energy-dependent factor of order a. We refer to the latter as the correction factor. 15 Here vz is the nucleon velocity, q is the total momentum transfer to the leptons, and M is a hadronic mass. All noncovariant statements in this paper refer to the rest frame of the decaying system. A more detailed characterization of M is given in Sec. III. and Gamow-Teller contributions to the transition probability in the same manner and coincide exactly with the corresponding quantities in the bare nucleon calculations. " In particular, we conclude that the "electromagnetic corrections of order n to the shape of the allowed electron spectrum in neutron P decay is given by a single universal function g(E,E,m) of E, m and the end-point energy E, which is independent of the details of the strong interactions and the assumption that the weak interactions are mediated by an intermediate boson. " Furthermore, they can be applied to allowed nuclear P decay using an independent-particle model of the nucleus. '
It is important to note that the above propositions do not preclude the existence of terms independent of E and m which are affected by the strong interactions.
Such terms give contributions to the P-decay lifetime. We will not attempt to evaluate them in this paper, as they are model-dependent, but rather we will limit ourselves to indicating the contribution of the finite function g(E,E,m) to the lifetime. If the relative renormalization of the p and P decay-coupling constants turns out to be finite, we believe that these contributions will play a significant role, as they contain the large terms of logarithmic order in the electron energy.
The In Sec. IV we give the general expression for the correction factor to the electron spectrum. We discuss then the role played by the model-dependent and model-independent terms regarding the physical observables. After taking note of the contributions of the universal function g (F, F. ,m) to the lifetime, we emphasize that there are other observables, aside from the electron spectrum, for which the radiative corrections of order a can be evaluated in a model-independent manner. We illustrate this point by giving the expression for the virtual radiative corrections to the longitudinal polarization of the electron in allowed decays.
The discussion and results of this paper implicitly assume the validity of a vector and axial-vector theory of weak interactions.
II. THE SEPARATION
In this .section the virtual radiative corrections of order n are separated into two parts. The first part is characterized essentially by the following properties:
(i) It is independent of the details of the strong interactions; (ii) it contains all the terms of order 1/k in the hadronic covariants; (iii) it is 6nite (in the uv region) and it is invariant under gauge transformations of the photon propagator. The second part depends on the details of the strong interactions and involves threeand four-point functions.
We consider first the diagrams in which a photon is exchanged between the hadronic and electron lines. Such diagrams can be divided into three classes according to whether the photon is emitted from an electromagnetic vertex attached to the external proton line, or the external neutron line, or from the internal structure of the weak vertex. The contribution of the first class of diagrams LFig. 1(a)$ is given by" 
where it is understood that F"(")acts on the spinor u" on the right. The matrix element for this contribution is analogous to Eq. (3) with the hadronic covariant H"i,&»(p,,pr, k) of Eq. (6a) replaced by
Let us now call G"i,(ps, pi, k) the matrix element for the emission of a photon of four-momentum k and polarization p, from any internal line of the proper vertex of the weak-interaction current / Fig. (1c) Fis. 41, 199 (1961) 
The quantity 3fi is the matrix element (in the The tensor-pseudotensor T"i(p2,pi, k) has two basic properties: (a) T"i is "regular" as k-+0; (b) T"i is transversal in the sense that k"T"), =0.
Equation (10) is obtained immediately by using Eqs. (4a), (7a), (8a) and the definitions (9b) and (9c).
Ke also note that the contribution of the term proportional to (2p»+k") Wi(p2, pi) From Lorentz covariance, it is clear that the matrix element for the diagrams in which a photon is emitted and absorbed by the hadronic line (Fig. 3 ) must have the following structure:
3E3 ---pe,oui "gpv, +g"j, 2' (13a) where Vq and A), are hadronic covariants of the form V&, u, [ fi(q')p&--+if'2(q')~&"q,+ f3(q')q& jN. , (13b) X= iieet gl(q )Vi+&g2(q')&i. qp+ga(q')qi j'yb+n p (13c) and we remember that q is the total-momentum transfer to the leptons. If we neglect the terms proportional to aq and the q' dependence of the form factors, which most likely are excellent approximations, only the terms fi(0)pi and gi(0)pits survive in Eqs. (13).The effect of contributions of this type on the physical observables is discussed in Sec. IV.
As it is well known, all the infrared terms in the contributions of Fig. 3 arise from graphs in which the photon is emitted and absorbed by the outgoing proton and are entirely contained in the following quantity":
2' These contributions must be included in the model-independent part of the corrections to guarantee the gauge invariance of the separation and the cancellation of the infrared divergences.
wave function renormalization) and also the diagrams in which the photon is emitted and absorbed by the hadronic line.
In the Landau gauge, after mass renormalization, the electron wave function renormalization (Fig. 2) to order n is given by Gy' L&P'~(p2, pi)l-j 
(k'+is) (k' -2l 0+is) (15) where we have used the transversality relation of Eq. We will assume that Eq. (15) is either finite in the uv region or that otherwise it has been regularized so as to have mathematical meaning.
I et us first consider the contribution E to Eq. (15) involving the factor y"k in the leptonic covariant:
Ei= -Lu, y"y pOi, v")
Because T"i(p2,pi, k) is "regular" as k"-& 0, Ei and ECi converge in the infrared region.
The integral in Eq. (17c) does not involve the electron four-momentum /" explicitly. If the total-momentum transfer to the leptons q is neglected in T"q so that T"i(p2,pi, k) is approximated by T», (pi, pi, k), it is easy to see after performing the k integration that E» is of the form (see Appendix A): 
The integral involving S "&,&'(p2, p~) can be evaluated by standard methods and one Ands, as intuitively expected, that it contains terms of logarithmic order in E and m but it does not contain terms of order 1//. As this particular integral is multiplied by /" we see that the irst term in Eq. (18b) gives contributions of order n(E/m") ln(m~/E), n(E/m~), and smaller. We refer to these contributions as "terms of higher order in the lepton four-momentum"; they are aR'ected by the strong interactions but very likely they are quite small, as they involve two small factors.
The integral involving S s"q'~&(p2, p~, k) cannot be evaluated explicitly in our method, as the exact dependence of this function on k has not been determined.
For the purpose of further discussion, let us de6ne the Thus, we can write all these "model-dependent terIns" in the form
where c and d are constants independent of E and m.
Equation (19) In the case of the decay of a free neutron, as it is well known, lMvl'=1, lMoTl'=3. +9/4, where X is the uv cutoff in the bare-particle calculation. We have simplified the structure of this function by using the identity
'4 The number of such observables is particularly large for pure Gamow-Teller or pure Fermi transitions.
'~I n the allowed approximation these terms may be written as scalar and tensor contributions of order a multiplied by a func- In this Appendix we discuss continuity properties of some Feynman integrals with reference to Eq. (18c) and the discussion thereafter. As an illustration we consider the following special form for 5 p"), ('):
where t"), is independent of k and A is a constant such that A&)E. Equation (81) satisfies the condition that S'" is finite as k"-+ 0. Its particular structure has been. '6 If real photons are undetected, there may be additional contributions from the nonclassical contributions of the inner bremsstrahlung.
As it stands, Eq. (21) Rev. 183, B1549 (1964 .
